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Abstract 


The beam-tracking (or direction finding) system based on the mono-pulse 
radar principle was developed in this research. Unlike the commonly used 
analog architecture, the digital (or baseband) beam-forming architecture is 
developed to scan the direction (angle) of arrival without the need of 
mechanical steering components. The two independent receivers down- 
convert the RF signal into baseband I and Q ones. By manipulating the 
time delay (phase angle) between the two channels dynamically and 
calculated the A/X (difference over sum) of the two complex baseband 
signals. The null of the A/X corresponds to the angle of arrival. 
Additionally, the receiving-mode mutual coupling between the antennas 
was also taken into account based on the full-wave simulation for further 
improving the angle resolution of this system. 
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Background Information 


* Mono-pulse system is used to track the 
incoming direction of an electromagnetic 

wave and is commonly employed in a 
direction finding applications. 

* A mono-pulse system contains two antennas 

Á and a mono-pulse comparator (such as a rat- 

race coupler) to obtain the sum- and 
difference-signals. The ratio of difference to 
sum can be considered as an alignment 
indicator. 


Theory (1) 
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* S[n] is the incident signal 

* G,(8,$) is the antenna gain pattern 

* Ni[n] is the thermal noise on the receiver 


* Steer the main-beam angle to align with the 
incident plane wave 








Difference-over-Sum pattern 





* The null position (angular) of the difference *' bseraton Angle (degree) 
over sum corresponds to the angle(direction)- 
of-arrival 


Theory (2): Effect of grating lobes 


* The distance between the 
two antennas is less than 
or equal to half wavelength 
for not to introduce the 
grating lobes. 

“ The grating lobes may 
introduce the spurious 
nulls 





< Summary of research results 


* Develop a RFID indoor positioning system 
based on mono-pulse technology 
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Mono-Pulse 
‘Comparator 
(full digital) 


* Incorporate the electronic beam-steering via 
the digital beam-forming technology 

e Improve the tracking error by decoupling 
antennas mutual coupling (on the basis of 
receiving-mode mutual coupling theory) 


Digital Beamforming - Theory 


* Down-convert RF to base-band for Digital 
Signal Processing 
vilk) = a,(6)5[k] + N,[k] 
v2 [k] = a2 (0)S[k] + Nz|k] 
where a; (8), i = 1 or 2 are the steering vector 
components (due to time delays) 
* The phase shifting (e/") is performed 
dynamically in digital domain: 
A vlk — v2[k] 
У vik]: e7 + vk] 
* Scan the progressive phase-delay angle (1p) to 
search the null of difference-over-sum 
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Parameters affecting the AoA Performance 


* Inter-element distance between two antennas 
* Field-of- View (FoV) of the RX antennas 

* Amplitude imbalance between two receivers 
* Phase imbalance between two receivers 

* Symmetry of the receiving antenna pattern 

* SNR (Signal-to-Noise Ratio) 
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+ Tracking angle error: 6 = 


System Analysis (Effect of SNR) 





System Analysis (Effect of Amplitude/Phase Imbalance) 
(SNR=25 dB, half-wavelength pitch, incident angle = 35 degree) 
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System Architecture of the Mono-Pulse Receiver 
























































Test Scenario 


1. TX (Transmitter): 


Т, * 922-928 MHz 
Е pulse 
4 + BPSK/QPSK 
З 
s E * Mounted on a turntable to scan 
Ж» the incident angle 


2. RX (Mono-pulse Receiver) 
* fixed 


+ Digital beam-former to track 
the null of A/X 








Reflection coefficient of the compact Yagi Antenna 












"Hr Measure 
7 Simulation 
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Radiation pattern (x-z plane) 


z-axis 














Experimental Results (1) 
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Experimental Results (2) 
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Measured Results (3) 








Angle read from Mean Variance Error 
step-motor controller 
-30 -30.58 (1 sx103 0.58° 





-10 -9.797 |1.3x10-3 | 0.203 














0 0.1902° |45х10-4 | 0.1902” 
10° 7.9665 |3,3x10-4 | 2.0335 
30° 30.59° |16х10-3° 0.59° 
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Experimental Results (4) 
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SNR measurement 
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P, =-20dBm 
SNR = 39.1 dB 


P, = —10 dBm 
SNR = 48.1 dB 


P, =0dBm 
SNR = 58.2 dB 


Radiation pattern affected by mutual coupling 
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Effect of Mutual Coupling 


*vilk] = a, S[k] + М5 
* vz[k] = az(6)S[k] + № [К] 


* For the coupling-free condition, we have 
.00) _ еікойзіп тс 
а2(9) 


+ Practically, due to the mutual coupling, 
the above value shall differ a little bit. v,[k] va[k] 


Receiving-mode Mutual Coupling (1) 


>The stand-alone antenna is illuminated by a 
plane wave with an incident angle inc. The 
voltage received by the antenna is denoted as Vj. 

> When the second antenna is present, the voltage 
received at antenna #1 changes into Vj, which 
includes the extra contribution by antenna #2. 

>We define the mutual impedance (Z4 2) for 
measuring the receiving-mode mutual coupling 
between them. 
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> Zyą = SEA with I = —Y; V2, where Yp, is 


2 
the load admittance at antenna #2 (perfect match 
is assumed here) 














Receiving-mode Mutual Coupling (2) 
Y= ИС = 22ү, where (sa) means stand-alone condition. 
21 
Similarly, we have: V} = ven - шау 


In matrix form, we have the following matrix equation: 
212 
1 Zu MY. vð 
ды КУЫ AÐ 
Zu 


The received voltages corrupted by mutual coupling can be 
decoupled via the above operation. 


AoA Estimation with Decoupling Process 
(Receiving-Mode Mutual Coupling Theory) 








Notably, the decoupling coefficients (@,2 and @2,1) are 
evaluated at 6;,, = 07. 

The maximum AoA error can be further improved from 3 
degree to less than 0.8 degree. 


Concluding Remarks 


* The traditionally used mono-pulse system is fixed to a gimbal to track 
the AoA by means of mechanical steering. 

* The developed beamforming-based mono-pulse system can 
electronically track the AoA within the field-of-view of the antenna 
without turning the system. 


* Due to the digital beam-forming architecture, such a system is cost- 
effectiveness, flexible and easy to implement. 


* The receiving mode mutual coupling theory is studied to improve the 
tracking accuracy. 


System Calibration (1) 


Z, =1 + jQ = |ZlexpG gi) 
Z2 = +02 = |22|ехр(/фг) 
22 = 8А. ехр(јбф) 

22 
6A: amplitude imbalance 
ôg: phase imbalance 


+ To maintain the equal amplitude and phase delay 
angle along the two RF receiving paths, the 
amplitude and phase at the two baseband output ports 
must be calibrated to be equal. 

* The weighting factors over the two outputs are then 
multiplied (over the baseband signal). 


























System Calibration (2) 


before calibration 
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after calibration 


Variation of coupling coefficient against incident angle 


a phaser, 





2 
* We define the parameter a, > = oa 
21 


* Which is a function of the incident angle (@;-) 
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